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Abstract A novel remote sensing methodology to determine the dominant infragravity mechanism in
the inner surf and swash zone in the ﬁeld is presented. Video observations of the breakpoint motion are
correlated with the shoreline motion and inner surf zone water levels to determine the relationship
between the time-varying breakpoint oscillations and the shoreline motion. The results of 13 ﬁeld data sets
collected from three different beaches indicate that, inside the surf zone, the dominance of bound wave or
breakpoint forcing is strongly dependent on the surf zone width and the type of short wave breaking.
Infragravity generation by bound wave release was stronger for conditions with relatively narrow surf zones
and plunging waves; breakpoint forcing was dominant for wider surf zones and spilling breaker conditions.
1. Introduction
Infragravity waves (frequencies5 0.004–0.04 Hz), IGW, also known as surf beat, are considered one of the
main morphodynamic drivers in shallow water. Due to short wave (frequencies5 0.04–0.2 Hz) dissipation in
the surf zone, the infragravity waves, which are generally unsaturated, become gradually more important
toward the shoreline [Raubenheimer and Guza, 1996; Ruessink et al., 1998]. The swash zone is a region of
special interest for coastal researchers and planners due to its importance to many nearshore processes
(e.g., the design of coastal structures [Kobayashi, 1999], the subaerial sediment budget [Butt and Russell,
2000] and groundwater ﬂows [Nielsen, 1999]). However, too little is known about swash morphodynamics
and one of the crucial steps is to understand the IGW behavior at the boundary (inner surf zone) and in the
swash zone.
In the surf zone, surf beat can be generated by different mechanisms, principally by incident bound waves
(IBW) [Longuet-Higgins and Stewart, 1960] and by modulation of the surf zone width, termed breakpoint
forced long waves (BFLW) [Symonds et al., 1982]. In the ﬁeld, edge waves are also possible [Gallagher, 1971].
The IGW contribution to the nearshore dynamics is likely to depend on the efﬁciency of the different forcing
mechanisms. While it is likely that different mechanisms can occur simultaneously, determining the relative
importance of each, under natural conditions, is still an important question yet to be fully answered.
It is difﬁcult to resolve this issue even in the laboratory and extensive spatially dense data outside and inside
the surf zone has been required previously. Nevertheless, both mechanisms have been identiﬁed for wave
groups and random waves over plane and barred beaches [Baldock and Huntley, 2002; Battjes et al., 2004;
Baldock et al., 2004; van Dongeren et al., 2007]. Despite strong evidence of BFLW in the laboratory, ﬁeld evi-
dence for this mechanism has remained weak until recently [Pomeroy et al., 2012; Becker et al., 2016],
although it is perhaps the process ﬁrst envisaged by Munk [1949] and Tucker [1950]. On beaches, evidence
appears limited to that presented by Contardo and Symonds [2013].
The infragravity wave forcing mechanisms are associated with radiation stress gradients due to short wave
groupiness, but the relationship between the forcing and the generated wave is distinct, resulting in IGW
with different phases, amplitudes, and propagation patterns. Many of these features are detected by cross-
correlation analysis, which makes this tool widely used [Tucker, 1950; List, 1992; Masselink, 1995; Pomeroy
et al., 2012; Contardo and Symonds, 2013, among others]. A general crucial step in the analysis involves hav-
ing information about the forcing, for example, the short wave envelope in the shoaling zone, and the IGW
in the surf zone. However, the deployment and maintenance of instruments over long periods and for ener-
getic events it is a complicated task that limits measurements to short periods of acquisition (with a few
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exceptions) and smaller wave conditions. This imposes a major drawback, since the importance of infragrav-
ity waves increases with offshore short wave height [Raubenheimer and Guza, 1996].
Here an alternative and novel method to determine the dominant infragravity forcing mechanism in the
inner surf and swash zone using remote video measurements is presented. The basic principle is to extract
and cross-correlate two natural indicators of the forcing and the infragravity waves in the inner/swash zone
that are, respectively, the breakpoint oscillations (assuming these are controlled by short-wave modulation)
[Symonds et al., 1982] and the shoreline motion, which is expected to represent infragravity waves in the
inner surf and swash zone.
Video imagery has been extensively used to investigate beach processes [Lippmann et al., 1997; Holland
et al., 1997; Aarninkhof et al., 2005; Power et al., 2011, among others], including infragravity swash
motions (via shoreline excursion extraction from images) [Stockdon et al., 2006; Guedes et al., 2011]. How-
ever, away from the swash zone, due to no direct visual manifestation, the application of remote sensing
to IGW has been limited. To the authors’ knowledge, the relationship and correlation between the break-
point excursion and infragravity waves have not been directly investigated in either ﬁeld or laboratory
studies.
This paper is arranged as follows. The two generation mechanisms under investigation as well as the main
aspects of their respective IGW are reviewed in section 2. In the same section, the cross-correlation analysis
applied to IGW is revisited and the expected relationships between breakpoint excursion, infragravity waves
and shoreline motion for each forcing mechanism are described. In section 3, the methodology, data collec-
tion, and description of the ﬁeld sites are presented. The analysis steps are also outlined to aid interpreta-
tion and discussion of the results presented in section 4. In this section, prior to the discussion of the results
from the proposed methodology, a comparison between video extracted parameters and data measured
with traditional instrumentation (pressure sensors) is presented. The comparison includes the veriﬁcation of
the hypotheses that the breakpoint variation is correlated with the modulation of the short wave envelope
and that the swash excursion can be used to represent the infragravity waves in the inner surf and swash
zone. Final conclusions are addressed in section 5.
2. Key Aspects of the Surf Beat
2.1. Bound Wave Dynamics
The concept of radiation stress ﬁrst introduced by Longuet-Higgins and Stewart [1960] was used later to
explain analytically the observed set-down waves that propagate in antiphase with short wave groups, with
velocity cg, and have since been termed bound waves [Longuet-Higgins and Stewart, 1962, 1964]. The shoal-
ing aspects of bound waves have been the subject of different studies. For instance, it is well established
that the shoaling amplitude is dependent on frequency and beach slope, which can be expressed in terms
of the normalized beach slope deﬁned in Battjes et al. [2004] as
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where b is the beach slope, fg is the group, or long wave, frequency, g is the acceleration due to gravity,
and h is usually taken as a representative depth of the shoaling zone.
One of the most important effects of a sloping bottom is the shape change of the IBW from its symmetrical
form out of phase with the short wave envelope to a leading positive wave followed by a lagging depres-
sion. Leading surges and lagging negative waves have been observed in different studies [List, 1992; Masse-
link, 1995; Baldock, 2006; Pomeroy et al., 2012, among others], however, the leading surge is still not fully
understood. While some propose that it is a forced wave in antiphase with an asymmetric envelope [Bal-
dock, 2006] and others propose that shoaling, i.e., increasing bound wave depression, leads to free waves
(conserving mass) that propagate ahead of the group, with their partial superposition responsible for the
lag of the negative wave [Mei and Benmoussa, 1984; Nagase and Mizuguchi, 1996; Nielsen and Baldock,
2010]. Other solutions propose a lagging, but still forced, negative wave, where the lag and amplitude
growth are again dependent on the relative beach slope [Janssen et al., 2003; Battjes et al., 2004].
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At the breakpoint, incident bound waves are commonly assumed to be released as free waves propagating,
subsequently, seaward after shoreline reﬂection. However, strong IBW amplitude decay has been observed
inside the surf zone [Baldock et al., 2000; Henderson et al., 2006; Thomson et al., 2006; Pomeroy et al., 2012],
often immediately after short wave breaking. Baldock [2012] suggested that the characteristics of the wave
breaking determines whether the bound waves are released or dissipated, with release associated with
short waves being in shallow water cg5
ﬃﬃﬃﬃﬃ
gh
p 
at the breakpoint, while dissipation occurs when this criteri-
on is not satisﬁed. For the same sloping beach, the ﬁrst condition is more likely to occur for plunging break-
ers. The second condition may apply to steeper waves, with greater probability of spilling breaking waves.
In order to differentiate those two processes in the surf zone Baldock [2012] proposed the surf beat similari-
ty parameter by incorporating conditions at the breakpoint into bn, through the offshore short wave steep-
ness H0=L0
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Alternative dissipation mechanisms have been proposed, including infragravity wave breaking very close to
the shoreline [Battjes et al., 2004; van Dongeren et al., 2007; de Bakker et al., 2014], partial cancellation due to
the superposition of negative incident bound waves and positive incident breakpoint forced long waves
[Sch€affer, 1993], dissipation due to surf zone width and short wave breaking [Battjes et al., 2004], and energy
transfer back to short waves [Henderson et al., 2006; Thomson et al., 2006].
2.2. Breakpoint Forcing Dynamics
Another possible source of infragravity waves is the breakpoint oscillation due to amplitude-modulated
waves. This mechanism was ﬁrst proposed by Symonds et al. [1982] who provided an analytical solution for
free long waves generated at the breaking region due to the time modulation of a saturated surf zone.
Based on this representation, the breakpoint region is treated as a wave-maker, where identical waves with
p phase difference are radiated seaward (outgoing) and shoreward (incident). The incident waves then
reﬂect at the shoreline and propagate seaward. The ﬁnal outgoing wave is then a combination of the waves
reﬂected at the shoreline and waves generated at the breakpoint. Constructive or destructive superposition
can occur depending on their relative phases [Symonds et al., 1982; Sch€affer, 1993; Baldock et al., 2000].
2.3. Propagation Patterns—Identification of Different Components
It has been demonstrated that cross-correlation analysis is useful to determine propagation patterns, lags,
and the generation mechanism of different infragravity waves [Munk, 1949; Tucker, 1950; List, 1992; Masse-
link, 1995; Baldock and Huntley, 2002; Janssen et al., 2003; Pomeroy et al., 2012]. Even though it is a very com-
mon method, interpretation of the results can become complicated, particularly for complex signals. For
that reason, the typical expected results obtained from the application of cross-correlation analysis to IGW
are brieﬂy highlighted below, with further details in Janssen et al. [2003].
The cross-correlation in its normalized form is expressed by
Rxy sð Þ5 hx tð Þy t1sð Þirxry (3)
where rx and ry are the standard deviation for the two time series x and y. hi denotes ensemble average, t
is the time, and s is the time lag.
The cross-correlation between two time series measured at different positions A (offshore) and B (near-
shore), both containing incident (Inc) and reﬂected (Ref) waves, results in four correlation peaks separated
by different time lags, each one representing different travel times (Figure 1). The incident waves occur ﬁrst
at A (IncA) then at B (IncB). On the contrary, the reﬂected waves appear ﬁrst at B (RefB) and then at A (RefA).
Therefore, the peak arising from the incident waves occurs at lag s1, which is the travel time for the incident
wave from A to B. The correlation peak for the reﬂected waves is at lag s2, and as the reﬂected signal occurs
ﬁrst at B the lag or travel time appears as negative in the cross-correlation plot. The two other expected
peaks are the correlations between the incident and reﬂected waves. The lags s3=s4 are the incident wave
travel time from the position A/B to the shoreline plus the travel time of the reﬂected wave from the shore-
line to the position B/A. The spatial and temporal visualization of the cross-correlation result for an incident
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long wave propagating from seaward of point A and through the surf zone is a double V-shaped plot as in
Janssen et al. [2003, Figure 5]. For conditions where the reﬂected wave is generated landward of location A,
i.e., there is strong bound wave shoaling close to the breakpoint or when breakpoint forcing is dominant,
then only the peaks associated with negative lags s4 and s2 occur, which leads to the single V-shaped cross-
correlation plot observed by Baldock [2006, Figure 6].
2.4. Expected Relationship Between Wave Group Envelope, Breakpoint Oscillation, Shoreline
Excursion, and Infragravity Waves
Using the theoretical description for the mechanisms of surf beat generation [Longuet-Higgins and Stewart,
1962; Symonds et al., 1982] it is possible to determine, for each condition, the expected relationship
between the breakpoint and shoreline excursion. To simplify, an idealized case with a symmetrical Gaussian
shaped wave group propagating over a constant sloping bottom is shown in Figure 2.
According to the steady solution [Longuet-Higgins and Stewart, 1962], the bound wave propagates phase-
locked with the short wave group envelope, with p phase difference. When the wave group reaches the
breaking zone, the smaller waves will break further shoreward, and as the group arrives, the higher waves
will break, moving the breakpoint seaward. The maximum outer position of the breakpoint is at the
Figure 1. (left) Components of the cross-shore infragravity signal. Incident and reﬂected waves, full line—position A, dashed line—position
B. (right) Cross-correlation result between two signals measured at different locations.
Figure 2. Schematic representation of surf beat generated by bound wave release and breakpoint forcing. (a) Cross-shore evolution of the
wave group, bound, and breakpoint forced long wave. The vertical blue line indicates the breakpoint location between the outer break-
point position (red), xo, and inner breakpoint (green), xi. Grey line is the released bound wave. The red line is the incident breakpoint
forced long wave. (b) Breakpoint excursion (black line) and shoreline response to long waves generated by the breakpoint forcing (red
line) and released bound wave (grey line). Dashed line indicates travel time (s) for a shallow water wave to travel from the breakpoint to
the shoreline. Horizontal colored lines are breakpoint positions as in Figure 2a. (c) Cross-correlation between breakpoint and shoreline
excursion, bound wave released (grey line) and breakpoint forced long wave (red line).
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breaking location of the biggest wave in the group. After the breaking of the largest wave, the breakpoint
starts to move back shoreward (Figure 2). By deﬁning the horizontal axis positive shoreward and the vertical
axis positive upward, the breakpoint will then oscillate in antiphase with the wave envelope, and hence in
phase with the bound wave.
For the same situation, but now considering only the breakpoint generation mechanism and a saturated
surf zone, as the smaller waves in the group start to break the forcing region moves seaward [Symonds
et al., 1982]. Shoreward of the breakpoint the water level starts to rise, with a decrease seaward of the
breaking zone. After the breaking of the largest wave, the breakpoint moves shoreward again, the width of
the forcing region decreases, reducing the water levels inside the surf zone, with an increase outside the
surf zone. The water level change generated inside the surf zone is the incident breakpoint forced long
wave that propagates shoreward as a free wave (Figure 2).
The released bound wave and the incident breakpoint forced wave propagate with the same speed
ﬃﬃﬃﬃﬃ
gh
p 
and reach the shoreline at same time (after traveling through the surf zone), but with opposite phase (Fig-
ure 2b), and therefore may partially cancel if they have a similar magnitude [Sch€affer, 1993]. Hence, the
cross-correlation between the breakpoint and shoreline excursion is expected to be opposite for the two
cases, with a positive correlation for bound wave release and a negative correlation for breakpoint forcing
(Figure 2c). The lag of the correlation peak for both cases represents the propagation time from the break-
point to the shoreline. Given the expected lag of the incident bound wave behind the group, the positive
correlation peak could then be expected to lag slightly more than that shown in Figure 2c.
As discussed previously, the shape of the bound wave on a slope deviates from the expected horizontal
bottom solution. During the shoaling process, positive leading surges are commonly observed [List, 1992;
Baldock, 2006; Pomeroy et al., 2012, among others]. The positive leading surge changes the expected rela-
tionship between the breakpoint and shoreline oscillation. The shoreline will ﬁrst move in the opposite
direction to the breakpoint and as the negative part of the bound wave approaches the shoreline both the
breakpoint and shoreline will move in the same direction (Figure 3). The cross-correlation between the
breakpoint and shoreline has a leading negative peak (related to the positive surge) and a positive peak
(related to the negative part of the bound wave). Pomeroy et al. [2012], whose results show predominance
of incident BFLW in the surf zone over a shallow reef, have observed in their cross-correlation analysis lead-
ing positive surges followed by depressions nearly in antiphase with the short wave envelope in the shoal-
ing zone. After breaking, the negative part of the bound wave vanished and the calculated travel time of
Figure 3. Schematic representation of surf beat generated by the asymmetric bound wave mechanism. (a) Cross-shore evolution of the
short wave group and the bound wave with a leading surge. Vertical lines are the outer (red, xo) and inner (green, xi) breakpoint limits.
Grey line is the released bound wave. (b) Breakpoint excursion and shoreline oscillation. Dashed line indicates travel time (s) for a shallow
water wave to travel from the breakpoint to the shoreline. Horizontal colored lines are breakpoint locations as in Figure 3a. (c) Cross-
correlation between breakpoint and shoreline excursion.
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the positive peaks matched that expected for the incident BFLW. This change in pattern after the breakpoint
indicates bound wave dissipation, possibly due to short wave breaking in deeper water.
In summary, referring back to Figures 2 and 3, the cross-correlation between the breakpoint oscillations and
the shoreline oscillations indicate the possibility of two distinct patterns, indicative of surf beat forcing by
either incident bound waves or breakpoint generation. During breakpoint forcing, there should be negative
peak at a positive lag that depends on surf zone width. Alternatively, if bound wave release dominates there
should be a positive peak at positive lag. In this case, a smaller negative peak at near zero lag can also indi-
cate the presence of a leading surge due to an incident asymmetric bound wave.
3. Data Collection, Analysis, and Field Sites
Thirteen ﬁeld data sets were collected from three different beaches (Figure 4) under different wave condi-
tions (Table 1). For each ﬁeld site, wave data and visual surf and swash zone information were collected
(both at 4 Hz) using pressure sensors and remote video sensing. Deep water wave conditions were obtained
from the respective nearest wave buoy. During most of the data collection, two pressure sensors, one placed
outside the surf zone (PToff) and another close to the swash zone (PTin), were deployed. In total, 37 hours of
pressure data were collected and converted to surface elevation using linear wave theory. Data were band-
pass ﬁltered at 0.004 and 0.04 Hz, providing the infragravity water surface elevation goff;IG and gin;IG at PToff and
PTin, respectively. The short wave envelope, Env, at PToff was obtained via a Hilbert transform.
The video images (Figure 5a), with resolution of 1080 3 1920 pixels, were processed following Guedes et al.
[2011]. The images were corrected for lens distortion and rectiﬁed, using collinearity equations and ground
control points [Holland et al., 1997], converting image to ground coordinates. Ground control points and
cross-shore beach proﬁles were collected using a total station. The measured proﬁles extended from the
backshore to the inner surf zone to water depths of approximately 2.0 m. The proﬁles are used to extract,
Figure 4. Average (over 2 min) pixel intensity images for (a) Conto Beach, (b) Palm beach, and (c) Tallow Beach. The black line and the triangles indicate, respectively, the cross-shore
location of the timestack and the pressure sensor locations.
Table 1. Field Experiments and Conditionsa
Beach Date
Bouy PToff
hin (m) bn nsb PlotTp (s) Dir (8) Hs (m) Tp,low (s) h (m)
Conto01 30 Sep 2014 13.5 226 3.4 1.7 128 5.4 1.4 0.58 0.063
Conto02 1 Oct 2014 13.1 219 2.8 1.4 128 5.4 1.3 0.58 0.059
Conto03 2 Oct 2014 15.0 216 2.8 1.8 128 4.9 1.3 0.60 0.054
Conto04 3 Oct 2014 13.8 222 2.0 1.2 128 4.9 1.2 0.60 0.050
Palm01 3 Feb 2015 9.5 82 2.0 1.6 102 5.4 0.5 0.34 0.040
Palm02 4 Feb 2015 11.5 79 2.0 1.6 102 5.6 0.34 0.032
Palm03 5 Feb 2015 9.8 108 1.6 1.1 102 5.6 0.5 0.34 0.034
Palm04 19 Feb 2015 10.7 96 2.8 0.34 0.042
Palm05 20 Feb 2015 10.4 95 2.5 0.34 0.041
Palm06 21 Feb 2015 10.4 95 2.5 0.34 0.041
Tallow01 8 Feb 2014 11.0 100 1.0 1.25 57 5.7 0.6 0.44 0.036
Tallow02 9 Feb 2014 10.2 112 1.1 1.35 51 4.9 0.6 0.39 0.032
Tallow03 9 May 2014 12.6 167 2.6 0.42 0.043
aParameters shown are the location, date, peak period (Tp), and signiﬁcant wave height (Hs) at the nearest wave buoy; Hs, Tp,IG (peak
period at the infragravity frequency), mean water depth (h) at PToff; mean water depth (hin) at PTin, normalized bed slope bn and surf
beat similarity nsb. The color bars in the last column indicate the line colors for different data sets in following ﬁgures.
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from each processed image, a cross-shore line of pixel intensity, interpolated to 0.2 m resolution, generat-
ing a detectable cross-shore time evolution of the surf and swash zone, also known as a timestack
[Aagaard and Holm, 1989]. From the timestacks, the time evolution of the breakpoint (Bre) and shoreline
excursion (Shl) were extracted, as shown in Figure 5b. The edge of the breaking zone is captured by an
algorithm that identiﬁes the sharp contrast between the darker colors in the shoaling zone and the strong
white color of the breaking bores. The swash front is captured in the same way, detecting the contrast
between the swash front and the sand. However, due to the difﬁculties in ﬁtting the algorithm to suit all
cases manual corrections were needed for the extraction of both Bre and Shl. Difﬁculties related to auto-
mate shoreline detection have also been reported in different studies [Stockdon et al., 2006; Guedes et al.,
2011; Power et al., 2011].
Infragravity wave dependence on short wave amplitude was analyzed using the data measured at PToff and
PTin. The time series were divided into 30 min bursts, where the total Hm0 and infragravity Hm0,IG were calcu-
lated. Their power-law relationship is estimated using least square ﬁtting; the same analysis is also applied
to different infragravity frequency bands.
Data collected with the pressure sensors are also used to verify the hypotheses of using Bre and Shl as natu-
ral indicators of the infragravity forcing and IGW in the inner surf and swash zone, respectively. For each
day, time series of 2 hours duration (28,800 data points) were used in the cross-correlation analysis (equa-
tion (3)). As the adjacent points in a time series are not independent, the statistical signiﬁcance of the corre-
lation peaks is estimated by calculating a reduced number of points for the autocorrelation of the product
of two time series to be correlated as in Garret and Petrie [1981]. These values varied between 522 and 314,
giving a 95% conﬁdence interval on zero correlation of 60.11 or smaller [Jenkins and Watts, 1968]. The
results are used to identify the different infragravity wave components and ultimately determine the main
infragravity forcing mechanism in the inner surf and swash zone from the observed correlations between
Bre and Shl.
Figure 5. (a) Timestack of the swash and surf zone, Palm Beach QLD. Breakpoint (black line) and shoreline (green line) excursion. (b) and
(c) short (black) and infragravity waves (red) at PToff and PTin, respectively.
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For each timestack, the mean travel time between the breakpoint position and the shoreline was estimated
by averaging, over 30 min, the travel time of individual bores from their initial breakpoint position to the
shoreline. The normalized beach slope (equation (1)) and the surf beat similarity parameter (equation (2))
were calculated taking the slope of the swash and inner surf zone, and h as the depth at PToff, which varied
between 4.9 and 5.6 m (Table 1). The cross-shore coordinate system orientation is deﬁned as positive shore-
ward (horizontal) and upward (vertical).
3.1. Field Sites and Wave Conditions
3.1.1. Conto Beach
Located in the south-west corner of Western Australia between Cape Naturaliste and Cape Leeuwin, Conto
Beach is a rock-sandy beach approximately 1.4 km long, with a narrow and steep subaerial proﬁle con-
nected to a limestone ridge. The beach is northwest southeast orientated, exposed to heavy southwesterly
swells.
Data were collected over four consecutive days, with large and long period swell for the ﬁrst three days
(Hs  3 m, Tp  14 s), followed by smaller waves (Hs  2 m) on the last day of measurement. The wave con-
ditions measured at PToff and the Cape Naturaliste wave buoy are presented in Table 1. The wave buoy is
located 60 km north of the ﬁeld site at a water depth of 50 m.
During the entire data acquisition period, a strong rip current was observed in the center part of the beach
(Figure 4a). The rip current was continuously oscillating in both cross and longshore direction, with periods
where it extended beyond the surf zone. Video data were obtained from a cliff top, approximately 80 m in
elevation behind the beach.
3.1.2. Palm Beach
Palm Beach is a northeast facing beach located on the southeast coast of Queensland (Figure 4b). It is
approximately 4 km long bounded by two creeks both with training walls extending into the surf zone.
Additionally, two smaller groynes (center part of the beach) and a sea wall have been built to reduce and
prevent damage caused by beach erosion. The beach proﬁle is, generally, composed of two bars approxi-
mately 200 m wide, similar to most beaches in the region [Short, 2000].
Two separate experiments were conducted of 3 days duration each. During the ﬁrst experiment, the wave
conditions at PToff were similar for the ﬁrst 2 days (Hs  1.6 m). On the last day, the nearshore wave height
dropped considerably (Hs  1.1 m), even though the offshore Hs and Tp were relatively constant during the
entire experiment. The most signiﬁcant change was in the wave direction, which shifted on the last day
from east to southeast (Table 1). Due to the orientation of the coast, most of the Gold Coast beaches are
less exposed to southerly waves, hence this probably explains the smaller nearshore conditions. The off-
shore wave condition was measured at the Gold Coast wave buoy, located in Southport, approximately
15 km north of Palm Beach, at water depths of 17 m. The surf zone was relatively small (<100 m) during the
entire experiment with the waves breaking only on the inner bar (Figure 4b).
The second experiment was performed under more energetic wave conditions. No pressure sensor was
deployed offshore as a result, only remote video sensing was used. The wave conditions were again stable
throughout the 3 days (Hs  2.5 m), with slightly bigger waves on the ﬁrst day. However, even though the
offshore wave conditions were similar, at the wave buoy, wave breaking and the surf zone width were quite
variable between the days. The changes in the surf zone and the relationship with the surf beat are dis-
cussed later in section 4.4. For both campaigns, the camera was placed on an apartment balcony approxi-
mately 65 m high, closer to southern end of the beach.
3.1.3. Tallow Beach
Tallow Beach is located on the north coast of New South Wales. It is approximately 7.2 km long and
northwest-southeast orientated. Two separate experiments were conducted. The ﬁrst experiment was car-
ried out during 2 days with mild wave conditions (Hs  1 m). Two pressure sensors were deployed in the
inner surf zone and at the shoaling zone. Data from the Byron Bay wave buoy, located offshore of Tallow
Beach at a depth of approximately 60 m, were not available for the period. The wave data from the Gold
Coast wave buoy which is approximately 70 km to the north was used instead. Tallow Beach is well exposed
to south and southeast swells, hence bigger waves are expected compared to those collected at the Gold
Coast. Both video and pressure data were collected at the northern end of the beach. The camera was
placed on a headland, approximately 60 m high.
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The second experiment was performed over 3 days under bigger wave conditions (Hs  2.6 m). However,
due to the unfavorable rainy weather, the sequence of images was compromised for the ﬁrst 2 days, only
the results of the last day are considered here. Pressure sensors were not deployed and the video data were
collected at the same location as the ﬁrst experiment.
3.2. Analysis Steps and Their Corresponding Correlation Pairs
In section 4, a number of different cross-correlation analyses are presented to identify and verify the domi-
nant relationships discussed in section 2. To assist in interpretation of the results, we summarize the analysis
steps, the corresponding correlation pair, and associated ﬁgure in tabular form (Table 2). Each step aims to
demonstrate that the remotely sensed data yield correlation signals consistent with the expected propaga-
tion paths and phase relationships between the IGW and the forcing. The ﬁnal step is to cross-correlate the
breakpoint and shoreline motion and to determine the dominant forcing mechanism by comparing the
observed correlations with those discussed in section 2.
4. Results and Discussion
4.1. Observed Relationship Between the Wave Group Envelope, Infragravity Waves, Breakpoint, and
Shoreline Oscillations
The hypotheses of using the shoreline oscillation, Shl, as a proxy for the infragravity surface elevation in the
surf and swash zone (gin;IG at PTin) is conﬁrmed by the cross-correlation results in Figure 6. For all cases, gin;IG
and Shl are well correlated with only 2 days showing correlations below 0.6. The small lags are consistent
with the proximity of PTin to the mean shoreline position.
Table 2. Analysis Steps, Abbreviations, the Corresponding Correlation Pair, Associated Figure, and Expected Correlation
Analysis Step Correlation Pair Figure Correlation
Verify IG shoreline motion (Shl) represents inner surf
zone IGW (gin;IG)
R(gin;IG, Shl) Figure 6 Positive
Verify breakpoint motion (Bre) represents IGW forcing at the
outer edge of the surf zone
R(Env, Bre) Figure 7 Negative
Identify relationship between wave envelope (Env) and IGW
seaward of the breakpoint (goff;IG)
R(Env, goff;IG) Figure 8 Negative or N shape
Identify relationship between IGW seaward of the breakpoint
and the breakpoint motion
R(goff;IG, Bre) Figure 9 Positive
Identify relationship between IG forcing and the IG
shoreline motion
R(Env, Shl) Figure 10 Dependent on forcing/dissipation
Identify relationship between IGW seaward
of the breakpoint and in the inner surf zone
R(goff;IG, gin;IG) Figure 11 Dependent on forcing/dissipation
Determine the dominant forcing from the correlation
between the IG breakpoint motion and IG shoreline motion
R(Bre, Shl) Figures 12–14 Negative (positive) for breakpoint
forcing (bound wave release)
Figure 6. Cross-correlation between gin;IG and Shl. (left) Conto Beach, (center) Palm Beach, and (right) Tallow Beach. Each day is represented by a colored line (Table 1).
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Here it is also suggested that the breakpoint excursion (Bre) can be used as a natural indicator of the
IGW forcing by the short wave groups seaward of the breakpoint, which is veriﬁed by cross-correlating
the short wave envelope (Env) at PToff and Bre. Figure 7 shows that on 7 of the 9 days well deﬁned neg-
ative correlation peaks occur, with the lags representing the travel time of the short wave envelope
from PToff to the mean breakpoint. The negative correlation peaks are an indication that seaward/
shoreward movements of Bre correspond with increasing/decreasing wave heights within a wave
group.
Palm Beach has the most consistent results and during the entire data collection, the breakpoint was well
deﬁned with small cross-shore variation in the surf zone (Figure 4c). Well deﬁned, but smaller correlation
peaks were observed for Tallow Beach. During the experiment, the waves were small, with a well-deﬁned
breaking zone at the inner bar and a less marked, but signiﬁcant, breaking zone at the outer bar and, at cer-
tain periods, breaking was occurring at the two different locations, and therefore deﬁning a single breaking
location at a given time was more subjective.
At Conto Beach, the correlation between Env and Bre is strong (>0.5) for 2 days and poor (order 0.1) for
the other 2 days (Figure 7). For those same 2 days, Env is also poorly correlated with Shl (see Figure 10),
even though the correlations between Bre and goff;IG are similar for all days (see Figure 8). It is possible
that interaction between the incoming waves and the rip current (Figure 4a) led to large changes in the
pattern of the wave groups during propagation from PToff to the breakpoint, resulting in these small cor-
relation peaks. However, the extent of the rip current effects on the short wave groups are beyond the
scope of this study.
The results show that the breakpoint excursion can be used, to a certain extent, to represent the short wave
envelope in the shoaling zone. The most consistent relationships are expected for well-deﬁned breakpoints
with little longshore variability, as observed at Palm Beach.
4.2. Infragravity Waves in the Shoaling and Surf Zone
As discussed in section 2, the differentiation between infragravity forcing mechanisms is made by identify-
ing speciﬁc characteristics of the observed waves with respect to their forcing, usually taken as the short
wave envelope in the shoaling zone. The cross-correlation analysis between Env and goff;IG (Figure 8) shows
that the short wave envelope is well correlated with the incident bound wave, indicated by the negative
peaks at nearly zero lag (BWN), and the leading surges, indicated by the positive peaks at positive lags
(BWP). The surge is a result of the stronger response of the surface elevation to the radiation stress forcing
in shallower water (Figure 3) and is expected to gain amplitude toward the surf zone, resulting in stronger
positively correlated peaks [Baldock, 2006; Pomeroy et al., 2012] and N-shaped incident infragravity waves
[List, 1992; Nielsen and Baldock, 2010; Contardo and Symonds, 2013]. Figure 8 also shows signiﬁcant peaks at
Figure 7. Cross-correlation between Env and Bre. (left) Conto Beach, (center), Palm Beach, and (right) Tallow Beach. Each day is represented by a colored line (Table 1).
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larger positive lags, which represent the correlation between the short wave envelope and the reﬂected
IGW at PToff.
Bre is also signiﬁcantly correlated with the incident IGW at PToff, as shown in Figure 9. For Conto Beach and
Palm Beach, the peaks (at positive lag) varied between 0.2 and 0.4, approximately, with smaller values for
Tallow Beach. The smaller correlations when using Bre instead of Env to characterize the forcing are partial-
ly explained by the distance between the two measurement points when using Bre, whereas Env and goff;IG
are obtained from the same sensor (PToff). However, their values are still signiﬁcant and in the range of pre-
viously published ﬁeld [List, 1992; Contardo and Symonds, 2013] and laboratory [Baldock and Huntley, 2002]
data where the short wave envelope has been used. In Figure 9, well deﬁned positive peaks at negative
lags, representing the correlation between the reﬂected IGW (Refoff) and Bre, are observed for Palm Beach,
and are in the same range as the correlation peaks between the envelope and the reﬂected IGW in Figure
8. Note that, because PToff is seaward of the breakpoint and the breakpoint moves seaward when the
wave height (envelope) is increasing, both the lags and correlation signal change sign between
Figures 8 and 9.
Figure 8. Cross-correlation between Env and goff;IG. (left) Conto Beach, (center) Palm Beach, and (right) Tallow Beach. BWN/BWP are the peaks related to the cross-correlation between
Env and the negative/positive part of the bound wave. Peaks Env, R represent the cross-correlation between the short wave envelope and the reﬂected signal. Each day is represented
by a colored line (Table 1).
Figure 9. Cross-correlation between goff;IG and Bre. (left) Conto Beach, (center) Palm Beach, and (right) Tallow Beach. I, Bre; R, Bre are the correlation peaks related to the incident/
reﬂected IGW and Bre. Each day is represented by a colored line (Table 1).
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Inside the surf zone, IGW dissipation has been observed previously, but the physical process is not yet fully
understood as discussed in section 2.1. Pomeroy et al. [2012], for instance, observed strong dissipation of
the negative part of the incident IGW, resulting in mainly positive surges propagating over the shallow reef.
Here the cross-correlation results between the forcing (Env or Bre) and Shl show that the negative parts of
the incident IGW are still signiﬁcant in the inner/swash zone (Figure 10). The positive parts of the IGW, indi-
cated by positive peaks at earlier lags, have the same order of magnitude, leading to the N wave correlation
signal observed by List [1992] and others. Figure 11 shows the cross-correlation between goff;IG and gin;IG.
This indicates that at Conto Beach the incident wave (I,I) propagates between the two measurement loca-
tions without a signiﬁcant change, indicated by the high correlation. The reﬂected waves (R,R) are less
coherent. At Palm Beach and Tallow Beach, the reﬂected waves appear more coherent than the incident
waves. Smaller correlation values for incident-incident peaks than for the reﬂected-reﬂected peaks may indi-
cate strong changes in the incident bound wave during shoaling and/or decay of the incident IGW in the
surf zone. Also, the reﬂected free waves are more likely to reverse shoal without much changes in shape.
However, oblique wave propagation may inﬂuence the magnitude of the correlation signals. For this reason,
IGW dissipation in the surf zone is further investigated in the next section by comparing the power relation-
ship between Hm0 and Hm0,IG outside and inside the surf zone as in Baldock and Huntley [2002].
Figure 10. Cross-correlation between Env and Shl. (left) Conto Beach, (center) Palm Beach, and (right) Tallow Beach. Dashed lines are the mean travel time of the short wave envelope from PToff
to the mean breakpoint position (Figure 7) plus the mean propagation time of the bores from the breakpoint to the shoreline. Each day is represented by a colored line (Table 1).
Figure 11. Cross-correlation between goff;IG and gin;IG . (left) Conto Beach, (center) Palm Beach, and (right) Tallow Beach. I, I and R, R are the correlation peaks related to the incident-
incident signal and the reﬂected-reﬂected signal, respectively. Each day is represented by a colored line (Table 1).
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4.3. Power Relationship Between Short and Infragravity Wave Height
The power relationships (collating the data from all three beaches) between Hm0 and total Hm0,IG outside
the surf zone (at PToff) are given in Table 3 and are close to the quadratic equilibrium solution ðHm0
/ Hpm0;IG; p5 1.78), suggesting bound waves dominate the IGW signal at this location. p values smaller
than 2 are expected due to the degree of shoaling having some frequency dependence [Sch€affer, 1993;
Battjes et al., 2004]. In the inner surf zone (at PTin) p is order 1, which suggests strong bound wave dissipa-
tion, and/or strong inﬂuence of long waves generated by breakpoint forcing which is dependent on Hm0
[Nagase and Mizuguchi, 1996]. The p values calculated for data from each beach individually show similar
patterns, i.e., higher p at PToff than at PTin (Table 3). Battjes et al. [2004] suggested that IGW dissipation
inside the surf zone depends on the relative length of the IGW and surf zone, where shorter waves are
more easily dissipated than longer waves whose lengths are only a fraction of the surf zone. In order to
explore these frequency dependencies (shoaling and dissipation), the same power analysis is applied to
three infragravity sub-bands: high (0.02< fIG1 0.04 Hz), mid (0.01< fIG2 0.02 Hz), and low
(0.004< fIG3 0.01 Hz) frequencies. As in the analysis above, p values are calculated for the total record
and for each beach separately (Table 3).
Outside the surf zone no clear frequency dependence was detected, which is also the case for the individual
data from each beach. It is important to note that no incident and reﬂected wave separation was per-
formed. The reﬂected wave amplitude can be signiﬁcant and mask the bound wave shoaling. Inside the
surf zone, for all cases, the higher frequency bands (fIG1 and fIG2) yield smaller powers in comparison to fIG3,
indicating that dissipation in the surf zone has an infragravity frequency dependency in agreement with
Battjes et al. [2004]. Breaking of IGW close to the shoreline has been also reported previously and the poten-
tial for this to occur is estimated here by the reﬂection coefﬁcient (B) proposed by van Dongeren et al.
[2007] and veriﬁed in Torres-Freyermuth et al. [2010] and Guedes et al. [2013]. B is deﬁned as
B50:2
b
2pfIG
ﬃﬃﬃﬃﬃﬃ
g
HIG
r 2
(4)
which is similar to equation (1), but uses the swash slope and h is replaced by the IGW height (HIG) close to
the shoreline (here taken at PTin). B values smaller than 1 suggest dissipation via breaking and values great-
er than 1 full reﬂection.
For most of the data B> 1, with the exception of the highest sub-band (fIG3) at Tallow Beach where B varied
between 0.5 and 0.8, indicating the conditions generally favored strong reﬂection. These conditions, favor-
ing strong reﬂection, suggest that dissipation of the incident bound wave is not likely to be a result of infra-
gravity wave breaking, which is more likely to occur for mild slopes [van Dongeren et al., 2007; de Bakker
et al., 2014]. Therefore, the likely mechanism for the dissipation of the bound wave is through the reduction
of the forcing (because of short wave breaking) and turbulent dissipation in the surf zone, which is
expected to be stronger in surf zones with greater relative width.
4.4. Determining Surf Zone Infragravity Wave Forcing
Here the two suggested natural indicators of the forcing (Bre) and the IGW (Shl), measured remotely, are
used with the conceptual models described in section 2.4 to determine the main infragravity forcing
mechanism in the inner surf and swash zone. For most of the days analyzed (10 out of 13), the results sug-
gested bound wave dominance and for the other 3 days (Palm04, Palm06, and Tallow03) breakpoint forc-
ing. Referring back to the conceptual model, during breakpoint forcing there should be a lag, dependent
Table 3. p Values for the Total IGW Signal and at Different Frequency Bands (High (0.02< fIG1 0.04 Hz), Mid (0.01< fIG2 0.02 Hz), and
Low (0.004< fIG3 0.01 Hz) Outside and Inside the Surf Zone Including All Beaches and for Each Location Separately
p (off-off) p (off-in)
Frequency fIG fIG1 fIG2 fIG3 fIG fIG1 fIG2 fIG3
All 1.78 1.47 1.74 2.21 1.00 0.80 0.45 1.90
Conto 1.33 1.27 1.34 1.26 0.73 0.65 0.43 1.20
Palm 1.89 1.55 2.10 2.30 0.63 0.00 0.40 1.89
Tallow 1.54 0.26 2.90 2.27 1.39 0.80 1.05 1.85
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on surf zone width, between the shoreline motion and the breakpoint motion. As shown in Figure 2,
when breakpoint forced long waves dominate a negative correlation peak is expected at a positive lag.
Conversely, during periods where bound wave release dominates, there should be a positive peak at posi-
tive lags, possibly combined with a negative peak at near zero lag, the latter interpreted as the leading
surge (Figure 3).
Figure 12 shows the cross-correlation analysis between Bre and Shl for the same days as the data shown in
the previous cross-correlation ﬁgures. The average time of bore propagation from the breakpoint to the
shoreline (indicated by the vertical dashed lines with the respective colors) is used as an estimate of the
mean IGW travel time (Tmean,IG) from the breakpoint to the shoreline. For these days, the results for Conto
Beach and Palm Beach indicate that seaward movements of the shoreline are correlated with seaward
movements of the breakpoint, delayed by approximately Tmean,IG. That is in agreement with the negative
part of bound wave being released at the breakpoint. For the same beaches, but more deﬁned in the Palm
Beach data, negative correlation peaks were observed, indicating Bre and Shl moving in opposite directions.
This could be interpreted as an incident BFLW reaching the shoreline. However, these negative correlation
peaks occur at nearly zero lag, and even occasionally at negative lags. As discussed in section 2.4, this pat-
tern is expected for a surge that is propagating ahead of the group, e.g., the positive part of the bound
wave as shown in Figure 3. The correlations for Tallow Beach are small and are probably due to the difﬁcul-
ties in deﬁning the breakpoint location (section 4.1). However, by using Env instead of Bre, the results show
that, even for Tallow Beach, the bound wave mechanism is likely the dominant forcing (Figure 10), with the
correlation patterns similar to those observed by List [1992].
The opposite sign of the correlation signals for bound wave release and breakpoint forcing can be viewed
directly in the timestacks, as shown in Figure 13. For Palm01 (Figure 13a), the shoreline moves landward
as the breakpoint is moving seaward, as indicated by the red arrows. Furthermore, by tracking the bore
path of the largest wave breaking within the wave groups (indicated by the red dashed lines), it is noted
that these bores arrive at the shoreline at the same time as an infragravity trough (Figure 13a). This is
reﬂected in the corresponding correlation signal in Figure 13c, which is consistent with bound wave
release dominating over breakpoint forcing. For Palm04, the opposite pattern occurs in both the time-
stack (Figure 13b) and in the correlation signal (Figure 13d). The bore paths indicate that for Palm04 the
bores reach the shoreline at the same time as the IGW crests. This yields a negative correlation peak
between Bre and Shl at lag corresponding to Tmean,IG (Figure 13d), which is the expected signature for
breakpoint forced long waves.
Distinctly different surf zones occurred on days dominated by bound waves and on those dominated by
breakpoint forced long waves. The main differences were the width of the surf zone and breaker-type,
which is deﬁned here based on direct visual observation (similar identiﬁcation is also possible using the
Figure 12. Cross-correlation between Bre and Shl. (left) Conto Beach, (center) Palm Beach, and (right) Tallow Beach. Dashed lines are the mean travel times from the breakpoint to the
shore, Tmean,IG, for each day represented by a colored line (Table 1).
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original video data). The second experiment at Palm Beach (Palm04, 05, and 06) is an interesting example of
these differences. During the experiment, the offshore wave conditions were quite constant for the entire
experiment (Table 1). However, in shallow water, the wave conditions were visibly different for each day.
Also based on visual observation, it was noted that the waves did not change much in size, but the shape
of the waves at the breakpoint and the width of the surf zone were clearly different for each day, as shown
in Figure 14. Based on the expected cross-correlation patterns from section 2, the cross-correlation between
Figure 13. Timestack for Palm01(a) and Palm04(b), red dashed lines are the propagation paths for individual bores. Red arrows indicate
the breakpoint (black line) and shoreline movement (green line). Cross-correlation between Bre and Shl for (c) Palm01 and (d) Palm04, grey
dashed lines are Tmean,IG.
Figure 14. (Top) Original images, (mid) timestacks, (bottom) cross-correlation between Bre and Shl for Palm04, 05, and 06. Dashed lines are Tmean,IG.
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Bre and Shl shows that for Palm04 and Palm06 the IGW was mainly breakpoint forced (Figure 14). The oppo-
site was found for Palm05, where the results indicate bound wave dominance.
On the 13 different days analyzed, bound wave dominance occurred when the surf zone was relatively nar-
row, with a plunging breaker-type. These conditions are more likely to occur for waves with small steepness
that tend to break in shallower water, conditions suitable for bound wave release (section 2.1). Wave condi-
tions for the data shown in Figures 10 and 12 typically correspond to a steep normalized slope, bn, as pro-
posed by Battjes et al. [2004] which is consistent with the small lag between the short wave envelope and
the incident bound long waves (Figure 8). The surf beat similarity parameter proposed by Baldock [2012] is
also low, consistent with the release of IBW as the dominant mode of generation of nearshore surf beat.
Breakpoint forced long waves were observed on the 3 days with wide surf zones and spilling breaker-types.
A spilling breaker-type is more likely to occur for steeper waves that will tend to break in deeper water,
which is more suitable for IBW decay, leading to dominance of BFLW [Baldock, 2012].
5. Conclusions
A novel method to determine the dominant infragravity forcing mechanism in the inner surf and swash
zone has been presented. The breakpoint oscillations and the shoreline motion were measured remotely
via video and their relationship identiﬁed via cross-correlation analysis. The identiﬁcation of the dominant
forcing mode, either bound wave release or breakpoint oscillations, was interpreted based on the expected
cross-correlation for each theoretical forcing mechanism. Thirteen ﬁeld data sets, from video images and
pressure sensors deployed in the shoaling zone and in the inner surf zone, were collected from three differ-
ent beaches. The usefulness of this technique will increase in more energetic wave conditions, where data
are generally lacking.
As observed by Baldock and Huntley [2002], the infragravity wave dissipation inside the surf zone is frequen-
cy dependent, being stronger at higher frequencies, in agreement with Battjes et al. [2004]. Outside the surf
zone, on all beaches, the infragravity wave amplitude dependence on short wave amplitude is frequency
independent and dominated by bound waves. The cross-correlation results between the short wave enve-
lope and infragravity waves at different cross-shore locations show that strong changes in the shape of the
bound wave occur in the shoaling zone. In the inner surf zone, the incident surf beat is generally N-shaped,
similar to that observed by List [1992], Masselink [1995], Pomeroy et al. [2012] and Contardo and Symonds
[2013].
The cross-correlation between the breakpoint oscillations and the shoreline oscillations shows two distinct
patterns, indicative of surf beat forcing by either incident bound waves or breakpoint generation. A clear
signature of breakpoint forcing was observed in three data sets, corresponding to conditions with steeper
short waves breaking in deeper water generating wider surf zones. In this instance, at infragravity frequen-
cies, landward motion of the shoreline is correlated with a seaward motion of the breakpoint, with a lag cor-
responding to the travel time of free waves propagating from the breakpoint to the shoreline.
The comparison between pressure sensors and data measured remotely has demonstrated that the shore-
line excursion is a good proxy for infragravity waves in the inner surf and swash zone and that the break-
point oscillation represents, to a certain extent, the incident wave envelope and is also signiﬁcantly
correlated with the incident bound long wave. The remotely sensed breakpoint oscillations are also a direct
measure of the time-variation in surf zone width, which is the driving mechanism for the breakpoint forced
waves proposed by Symonds et al. [1982].
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